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INTRODUCTION
Cognitive Radio Network (CRN) is commonly recognized as a promising technology innovation to relieve the spectrum scarcity for the future wireless networks. A typical wireless CRN is composed of two types of users: primary users (PUs) and secondary users (SUs). To implement CRN technology successfully, spectrum sensing plays a critical role, in which SUs, i.e., unlicensed users, are allowed to opportunistically share channels with PUs, i.e., licensed users, as long as SUs cause no destructive interference on PUs.
Spectrum sensing has been attracting a great attention and a considerable number of papers can be found in the litera-ture. The majority of existing spectrum sensing approaches focus on theoretical analysis with an objective to detect the existence of a signal on a channel. Two states of a channel: idle or busy are commonly adopted. That is, a channel is determined idle once no signals are detected, otherwise the channel is sensed busy. From this hypothesis, any captured signal is identified as a PU's signal and the SU that conducts sensing will not access the channel. To accurately reflect the channel status, it is essential to distinguish whether a busy channel is being used by a PU or an SU. We proposed a three-state channel model in [9] , in which a channel is divided into three states: H0 (idle), H1 (occupied by a PU) and H2 (occupied by an SU). From this three-state model, it is a great challenge how to differentiate H1 from H2 when a channel is occupied.
In this paper, we are motivated to solve the above mentioned challenge, i.e, how to detect whether a busy channel is being used by a PU or an SU. We primarily focus on experimental investigation of spectrum sensing using a GNU Radio and Universal Software Radio Peripherals (USRP). A few papers can be found that carry out spectrum sensing using GNU radio and USRP boards [3, 5, 8] . [2] studies spectrum sensing using the energy detection approach and it successfully detects a signal at 890.5 MHz and distinguishes it from the unwanted signal with very low energy at same frequency. [3] performs spectrum sensing using the GNU Radio and USRP and it performs spectrum sensing using the COV (Covariance) and MME(Maximum to Minimum Eigen Value Method). The vulnerable effects of unwanted signal uncertainty in energy detection is mentioned. In our previous work [8] , [7] , an approach termed Energy and Bandwidth Spectrum Sensing (EBSS), in which both the energy level and bandwidth of the received signal are taken into account. In the above-mentioned papers, the objective is to detect the two states of the channel: idle and busy. They all fail to further determine whether a PU or an SU is occupying the channel once it is busy.
In our paper, an experimental approach is proposed which is capable of detecting whether a busy channel is being occupied by a PU or an SU. We have conducted extensive experiments using GNU radio and USRP boards and find an intriguing observation. That is, a receiver cannot successfully receive a signal if it implements a mismatching demodulation scheme with its transmitter. For example, a Binary Phase Shift Keying (BPSK) demodulator is not able to detect a transmitted Quadrature Phase Shift Keying (QPSK) signal. Motivated by this observation, we propose that PUs and SUs are negotiated to conduct different modulations. Then SUs are equipped with two demodulators that correspond to the modulations of PU and SU signals, respectively. As a result, SUs can demodulate both the PUs and SUs signals and easily make a decision on whether the channel is being used by a PU or a SU. Furthermore, when an SU is operating on a channel and the PU returns, the SU will recognize the PU signal and leave the channel immediately.
In addition, theoretical analysis is performed and will provide foundation of the proposed approach. Extensive experiments using GNU radio and USRP boards are carried out under various scenarios to evaluate the effectiveness of the proposed approach.
The rest of the paper is organized as follows. In Section 2, the proposed Energy, Bandwidth and Modulation Spectrum Sensing (EBMSS) technology is proposed. In Section 3, theoretical analysis is derived. Experimental results are presented in Section 4 and conclusions are drawn in Section 5.
PROPOSED ENERGY, BANDWIDTH AND MODULATION SENSING APPROACH
To effectively distinguish a channel state from the abovementioned three states: H0 (idle), H1 (occupied by a PU) and H2 (occupied by an SU), we propose a two-stage detection procedure. This approach is termed as Energy, Bandwidth and Modulation Spectrum Sensing which considers several factors including energy, bandwidth and modulation. In the first stage, an improved energy detection termed Energy and Bandwidth Spectrum Sensing (EBSS) is utilized [8] , [7] . Extensive experiments are conducted in a lab environment and they demonstrate that the bandwidth of unwanted signal is usually narrow and around 10KHz. From this observation, we improve the accuracy of the energy detection by factoring an additional parameter, i.e., bandwidth. That is, both the energy level and bandwidth of the received signal are taken into account while making a decision on a channel's state. Specifically, a channel is interpreted busy (H1 or H2) [9] when two conditions hold simultaneously: 1) the received energy amplitude exceeds the energy threshold and 2) the bandwidth of the received signal is wider than the bandwidth threshold. Otherwise the channel is sensed as idle (H0). Mathematically, the first-stage sensing results can be represented as:
where r is the received energy amplitude at an SU; λE is the pre-defined energy threshold; b is the bandwidth of the received signal; λB is the pre-defined bandwidth threshold; "AND" represents a logic operation.
However, when the channel is considered occupied (H1 or H2), it is not clear whether the PU or an SU is using the channel. The received signal is further analyzed by the second stage based on a modulation scheme. The second stage will make a final decision of H1 or H2.
In the second stage, experiments are conducted and we vary the modulation schemes implemented by the PU's and the SU's. In the following description, Tx and Rx denote "Transmitter" and "Receiver", respectively. An interesting finding is observed as below:
• Tx1 sends signals at frequency f1 using modulation scheme 1. Rx1 is set up to receive signals at the same frequency, but adopting a mismatching demodulation scheme 2. It turns out Rx 1 receives a False signal and then stops receiving any signal. Then, Rx 1 is set up using a matching demodulation scheme 1, it is able to receive signals successfully. This demonstrates that a receiver cannot receive signals if the transmitter adopts a different modulation scheme at the same frequency. For example, a receiver with BPSK demodulator is not capable of detecting signals sent from a transmitter with QPSK modulator, even when both transmitter and receiver are operating at the same frequency.
Motivated by the above observation, a novel approach is proposed at the second stage. First, PUs and SUs are assumed operating different modulation schemes. In this paper, we make an assumption that PU transmitters perform QPSK while SU transmitters adopt BPSK. Each SU is equipped with two demodulators that are able to detect BPSK and QPSK separately. Therefore, when a channel is busy, either occupied by a PU or an SU, the SU that performs sensing simply observe which demodulator receives signals successfully. For example, if the BPSK demodulator receives signal successfully, this implies the channel is being used by an SU, i.e., channel state is H2. If the QPSK demodulator succeeds in detecting signals, we can perceive that the channel is being occupied by a PU, i.e., channel state is H1.
MODULATION IN EBMSS
In this section, we will mathematically prove the effectiveness of our proposed approach. The generation of BPSK and QPSK signals are introduced first, then we will verify that a QPSK signal can not be correctly demodulated by a BPSK demodulator, and vice versa.
BPSK and QPSK Signal
BPSK uses individual bits to switch the phase of the carrier signal with constant amplitude between π radians or 180 degrees apart. The modulator switches the phases to one of the two possible values, 0 or 180 degrees, during each bit interval. The modulator output can be mathematically represented by Eq. (2):
where m(t) is the bipolar baseband signal, fc is the carrier frequency and θ is the phase of the unmodulated carrier. Different from BPSK, the block diagram of a QPSK generator is depicted in Fig. 1 . QPSK uses two bits to represent each symbol which might take one of the four values 00,01,10 or 11 and has a bandwidth efficiency twice that of BPSK. The phase of the carrier takes one of the four possible equally spaced values, such as 0, π/2, π and 3π/2, where each value of phase corresponds to a unique pair of message bits. Ideally, the phases are 90 degrees apart. The QPSK signal for these set of symbol can be mathematically represented by Eq. (3):
where, Ac is the carrier amplitude, mI (t) and mQ(t) are the demultiplexed data stream of message signal m(t) as shown in Figure 1 .
BPSK Demodulator fails to demodulate QPSK Signal
In this subsection, we will verify that a QPSK signal cannot be demodulated by a BPSK demodulator. Before giving the verification, we will first present how the BPSK signal is demodulated by the BPSK receiver.
BPSK implements coherent or synchronous detection which requires information of phase and the frequency of the carrier at the receiver. The received BPSK signal which is represented by Eq. (2) should be demodulated to extract the message signal m(t). BPSK demodulation with carrier recover circuit is represented by the block diagram shown in As shown in Fig. 2 , the received signal is first passed through the Square Law device to generate a dc signal and an amplitude varying sinusoid of twice the carrier frequency represented by Eq. (4).
The signal represented by Eq. (4) is then passed through the Bandpass Filter whose center frequency is tuned to 2ωc. Therefore, the output of the Bandpass filter is cos2(ωct + θ). This signal is passed through the Frequency Divider to recreate the waveform cos(ωct + θ). The received signal is then multiplied with the incoming signal. The output of the multiplier is represented by Eq. (5).
The signal represented by Eq. (5) is then passed through the Integrate and Dump Circuit which forms the Low Pass Filter Segment of BPSK Detector. This removes the higher frequency and leaves the desired message signal only. A bit synchronizer is used to facilitate sampling of the integrator output precisely at the end of each bit period. Depending upon whether the integrator output is above or below a certain threshold, the decision circuit decides that the received signal is binary 1 or 0.
However, if the QPSK signal passes through the BPSK demodulator, the situation will be totally different. Eq. (3) represents the QPSK signal. When this signal passes through the BPSK demodulator it first passes through the Square Law device as shown in Fig. 2 . Then the signal can be depicted by Eq. (6)
The signal represented by Eq. (6) is then passed through the Bandpass Filter with center frequency 2ωc, so the output of the Bandpass Filter is cos2(ωct+θ). When this signal passes through the frequency divider, cos(ωct) is generated. The received signal is then multiplied with the incoming signal. The output of the multiplier is represented by Eq. (7).
When the signal represented by Eq. (7) passes through the Low Pass Filter only mI (t) is regenerated which is not the desired message signal.
Based on the mathematical equations, we conclude that if a QPSK signal demodulated by a BPSK demodulator, the receiver will not be able to obtain the appropriate signal as the phase of the incoming signals do not match with that of the receiver. The result is the same if the demodulator is QPSK and the received signal is BPSK as two bits are transmitted in a single modulation symbol in QPSK while BPSK uses one bit. So, the demodulator will not be able to recognize the incoming BPSK signal. Therefore, the transmitter and receiver must use the same modulation technique for a successful communication.
The above analysis verifies the feasibility of our proposed approach, that is, equipping SUs with two different demodulators for BPSK and QPSK. One of them is used to demodulate the PU signal (QPSK) and the other for SU signal (BPSK). Once a channel is busy, the SU that performs sensing is able to further detect the signal is from a PU or an SU.
EXPERIMENTAL RESULTS
In this section, we conduct extensive experiments in a lab environment. Signals are transmitted and received using several USRP N200 boards which serve as transmitters or receivers. The set up of experiments is described first, followed by various experiments and results.
Experiment Setup
The experiments are performed using the USRP N200 boards and GNU Radio software. GNU Radio is a free and open source software that includes various signal processing blocks to implement software radios. Software radio technology enables many waveforms to be processed by a single hardware platform by simply changing its programming [6] .USRP board is a hardware platform for software radios [4] [1]. The experiment is set up in a lab environment as shown in Fig. 3 . Figure 3 : Experimental setup using USRP boards and GNU radio in a lab environment
Experiments and Results
We evaluate the transmission with varied frequencies, modulations and demodulation schemes. For signals of PU and SU, QPSK and BPSK are assumed, respectively. We observe signals transmitted and received in the form of packets.
There are different parameters in the experimental results where "True" represents the successful reception of transmitted packets and "False" represents the failure to receive the transmitted packets. Other parameters keep the count of the transmitted packets, received packet and the acknowledged packets.
In the first experiment, we set up an SU transmitter and an SU receiver at the same frequency with matching modulation and demodulation schemes. In the first scenario, one signal is transmitted at frequency 2.47 GHz adopting BPSK modulation. A SU receiver is set up at the same frequency to receive the signal using BPSK demodulator. The received signal in the form of packets are shown in Fig. 4 . It shows successful receptions of all the transmitted packets. From Figure 4 : A SU receiver (USRP N200) receiving BPSK signals at 2.47 GHz the above experiment, we conclude that successful transmissions are achieved if both transmitter and receiver communicate at the same frequency with matching modulation and demodulation schemes.
In the second experiment, we investigate simultaneous communications between a PU and an SU at two close frequencies and observe the interference to each other. At first, a signal is transmitted at 2.47 GHz by a SU transmitter using BPSK modulation, and the transmitted packets are successfully recovered at the SU receiver which is programmed to receive 2.47 GHz signal using BPSK demodulation. While the successful transmission is going on, another PU transmitter at 2.47001 GHz which uses QPSK modulation, is turned on. The communication results are shown in Fig.  5 . All transmitted packets at the receiver of 2.47 GHz are successfully recovered. This experiment suggests that there is no interference if two signals are transmitted using different modulations even when their frequencies are considered close to each other. Therefore, if PUs and SUs operate using different modulations, there will be no interference between them even when the frequencies are extremely close to each other. Figure 5 : SU receiving signals at 2.47 GHz modulated using BPSK when PU sending signals at 2.47001 GHz using QPSK
In the next experiment, we set up two SU transmitters and one SU receiver, all of which communicate at the same frequency. We attempt to evaluate interferences among them. Initially, when we set up one SU transmitter operating at 2.45 GHz using BPSK modulation and a SU receiver which also works at 2.45 GHz using BPSK demodulator, the communication is successful. Then, we turn on another SU transmitter at the same frequency 2.45 GHz using the same modulation scheme BPSK, a great amount of interferences are observed, as shown in Fig. 6 . This experiment demonstrates that if multiple SUs are operating at the same frequency, severe interference are generated. Therefore, SUs have to be appropriately coordinated to operate on a certain frequency.
We further extend our experiment in which two transmitters (one is for PU and another one is for SU) as well as one SU receiver operate at the same frequency. The PU transmitter and the SU transmitter adopt different modulations schemes, i.e., QPSK and BPSK. The SU receiver Figure 6 : An SU receiver receiving BPSK signals at 2.45 GHz when there is another SU transmitter at 2.45 GHz using BPSK adopts BPSK demodulation scheme. At first, one SU transmitter send signals at 2.47 GHz using BPSK modulation. All the data packets transmitted are received successfully by the SU receiver programmed at 2.47 GHz using BPSK demodulation. Afterwards, we turn off the SU transmitter, once we turn on the PU transmitter at the same frequency, i.e, 2.47 GHz, which adopts QPSK. The results are posted in Fig. 7 , from which we observe that the SU receiver gets a FALSE packet and the communication automatically terminates. This experiment indicates that the receiver will Figure 7 : USRP N200 receiving signals at 2.47 GHz modulated using BPSK when there is another transmitter at 2.47 GHz using QPSK not be able to receive the signals, if the modulation and demodulation schemes do not match. So, whenever a receiver designed to receive a signal using QPSK receives a BPSK signal or vice versa, it goes into dilemma and cannot recover the packets.
Next, two receivers and one transmitter are involved. One pair of transmitter and receiver are viewed for a SU transmission. The second receiver serves as an PU. For SU's signal, it is transmitted at 2.49 GHz frequency using BPSK modulation. This signal is received by the SU receiver programmed to the same frequency using BPSK demodulator. Now, when the PU receiver is set up to receive signals at 2.49 GHz using QPSK demodulator, it fails to receive any packets while the PU communication is continuing successfully. Fig. 8 shows the error at the receiver which is trying to receive signals at 2.49 GHz using QPSK. The same results are found when signals are transmitted and received using QPSK at 2.49 GHz. Once, again when we turn on another SU receiver designed to receive signals at 2.49 GHz using BPSK, it fails to receive any packets, without causing any interference to previous successful communication. Figure 8 : USRP N200 failing to receive signals at 2.49 GHz using QPSK when there is a transmitter at 2.49 GHz using BPSK At last, we simulate a scenario that a pair of PUs are transmitting signal while an SU attempts to sense the presence of the PU signal. The PU pair are programmed to operate on QPSK modulation at 2.45 GHz and the PU receiver receives the signal using QPSK demodulation successfully. An SU receiver is setup to receive signals at 2.45 GHz using QPSK demodulation. Both the PU receiver and the SU receiver receives signals successfully at 2.45 GHz at the same time. The received signals at SU are shown in Fig. 9 . This experiment suggests that an SU is capable of detecting the PU's signal without disturbing PU's communications. In this case, the SU determines that the channel is occupied by the PU and leave the channel immediately. Figure 9 : USRP N200 successfully receiving signals at 2.45GHz using QPSK when there is a PU transmitter receiver pair at 2.45 GHz using QPSK
We have performed extensive experiments for a wide number of frequency from 2.4 GHz-2.5 GHz and 4.9 GHz-5.85 GHz and all the results are similar. Overall, these experimental results verify the effectiveness of our approach, that is, the PU and SU implement different modulation techniques and SUs are equipped with two different modulators, so that it can detect if the received signal is PU signal or SU signal.
CONCLUSION AND FUTURE WORK
In this paper, we have investigated spectrum sensing from an experimental approach using GNU radio and USRP boards.
A two-stage sensing strategy is proposed to detect channel states based on the three-state channel model. The first stage detects whether a channel is busy or not by observing both the energy level and bandwidth. Once the channel is busy, we further determine the channel is occupied by a PU and an SU. Specifically, we have proposed that PUs and SUs are negotiated to operate with different modulations. Then we also propose that SUs are equipped with two demodulators that correspond to the modulations of PU and SU signals, respectively. Even though there is no such device which implements two demodulators the proposal is supported by the experimental results of Fig.9 . In this way, an SU is able to detect whether a signal is from an SU or PU. Extensive experiments have been conducted and results verify the effectiveness of the proposed approach. These results verifies the possibility of SUs being built with two demodulators and is one of the possible future works.
